New experiments on crystal assisted collimation have been carried out at the CERN SPS with stored beams of 120 GeV/c protons and Pb ions. Bent silicon crystals of 2 mm long with about 170 μrad bend angle and a small residual torsion were used as primary collimators. In channeling conditions, the beam loss rate induced by inelastic interactions of particles with the crystal nuclei is minimal. The loss reduction was about 6 for protons and about 3 for Pb ions. Lower reduction value for Pb ions can be explained by their considerably larger ionization losses in the crystal. In one of the crystals, the measured fraction of the Pb ion beam halo deflected in channeling conditions was 74%, a value very close to that for protons. The intensity of the off-momentum halo leaking out from the collimation station was measured in the first high dispersion area downstream. The particle population in the shadow of the secondary collimator-absorber was considerably smaller in channeling conditions than for amorphous orientations of the crystal. The corresponding reduction was in the range of 2-5 for both protons and Pb ions.
New experiments on crystal assisted collimation have been carried out at the CERN SPS with stored beams of 120 GeV/c protons and Pb ions. Bent silicon crystals of 2 mm long with about 170 μrad bend angle and a small residual torsion were used as primary collimators. In channeling conditions, the beam loss rate induced by inelastic interactions of particles with the crystal nuclei is minimal. The loss reduction was about 6 for protons and about 3 for Pb ions. Lower reduction value for Pb ions can be explained by their considerably larger ionization losses in the crystal. In one of the crystals, the measured fraction of the Pb ion beam halo deflected in channeling conditions was 74%, a value very close to that for protons. The intensity of the off-momentum halo leaking out from the collimation station was measured in the first high dispersion area downstream. The particle population in the shadow of the secondary collimator-absorber was considerably smaller in channeling conditions than for amorphous orientations of the crystal. The corresponding reduction was in the range of 2-5 for both protons and Pb ions.
Introduction
The collimation system of a hadron collider such as the Large Hadron Collider (LHC) is a multi-stage system. A primary collimator manufactured from a heavy solid material deflects halo parti-* Corresponding author.
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cles by multiple Coulomb scattering thus increasing their impact parameters on encounters with a secondary collimator-absorber. If a bent crystal were to be used as a primary collimator, halo particles deflected due to channeling along the crystal planes should hit the absorber far from its edge. As a result the possibility of secondary scattering from the absorber back into the beamline should be drastically reduced so that the collimation efficiency would be significantly increased. The modified layout of the UA9 experiment. The primary collimators -bent crystals C1-C4 are located upstream the quadrupole QF518 (QF1). The TAL acting as a secondary collimator-absorber is upstream the quadrupole QF 520 (QF2). The TAL2 station in a high dispersion area is used to measure off-momentum particles produced in the collimation process.
Experiments on beam halo collimation with short bent crystals have already been performed at the IHEP synchrotron [1] , RHIC [2] and Tevatron [3] . The possibility to increase significantly the collimation efficiency of the LHC beam halo using a crystal primary collimator has been studied in simulation [4] . A possible layout for crystal-assisted collimation at the LHC has been considered in [5] .
In 2009, the UA9 Collaboration started investigating crystal assisted collimation at the CERN Super Proton Synchrotron (SPS) using a bent silicon crystal as a primary collimator and a tungsten absorber as a secondary collimator. The first UA9 results with 120 GeV/c stored proton beams were reported in [6] . Perfect alignment of the crystal to achieve deflection of halo particles due to channeling could be obtained quickly and is easily reproducible. The channeling efficiency of halo protons measured by intercepting the deflected beam with another collimator was 75% and 85% for two crystals tested. The efficiency was determined as the ratio of the beam halo fraction deflected by the bend angle due to channeling to the whole fraction which hit the absorber. A visual image of the deflected beam was observed with a MEDIPIX pixel detector [7] . The halo loss rate due to inelastic nuclear interactions of protons in the aligned crystal was found to be about five times smaller than for its amorphous orientation. Although the channeling efficiency P ch and the beam loss reduction in the aligned crystal R in reported in [6] are large, they are smaller than expected. According to simulations one should find P ch ≈ 95% and R in ≈ 36. In [6] the discrepancy between the experimental results and predictions was supposed to be caused by torsion of the used crystal, known to be larger than 10 μrad/mm, which causes different orientations of the crystal planes at different vertical positions of the beam.
As also reported in [6] the beam loss measurements in regions of the SPS ring far from the collimation area have shown a reduction by only 30% for an aligned crystal with respect to its amorphous orientation. This ratio, significantly smaller than predicted by simulation, was considered unreliable since during the data taking the stored beam intensity of 0.5-5 × 10 10 particles was in a range in which the SPS beam loss monitors around the ring are known to be noisy and to lack sensitivity. For this reason, an additional measuring station with an adjustable aperture restriction was installed at the first accelerator location with high dispersion downstream of the crystal-absorber area to improve the situation for measuring the off-momentum particle leakage.
In this Letter the UA9 experimental results on the SPS beam collimation obtained in a modified layout with new low torsion bent crystals are presented. The experiments have been performed with stored proton and Pb ion beams with the same momentum of 120 GeV/c per charge. It should be noted that the first experiment on the extraction of the SPS beam of Pb ions was performed with a 40 mm long bent silicon crystal [8] . The observed extraction efficiency was about 10%. Fig. 1 shows the schematic layout of the UA9 experiment, recently improved with respect to the earlier version in [6] . The primary collimator and the absorber stations are installed at SPS azimuths with relative horizontal betatron phase advance close to 90 degrees and with a large value of the horizontal beta function. They sit upstream of the quadrupoles QF518 and QF520 (marked as QF1 and QF2 in Fig. 1 ), respectively. The first station now contains four crystals C1-C4, which can each be used separately as a primary collimator. Two new crystals C3 and C4 are installed in a new goniometer constructed and produced by IHEP with an angular accuracy of about ±10 μrad (four times better than the accuracy of the goniometers supporting the crystals C1 and C2). The parameters of C3 (quasi-mosaic) and C4 (strip) crystals produced according to the technologies described in [9] [10] [11] are presented in Table 1 . The second station contains a 60 cm long tungsten absorber TAL used as a secondary collimator. A MEDIPIX-type detector MED with square 55 × 55 μm 2 pixels was used to obtain on-line images of the deflected beam. The two-sided LHC collimator prototype COL was used for the alignment of the UA9 devices relative to the beam orbit. The BLMs are low noise, high sensitivity prototypes, specially developed for LHC [12] .
The experiment description
Off-momentum particles with δ = p/p o − 1 = 0 (p and p o are momenta of a circulating particle and of the synchronous particle, respectively) produced in the crystal or in the absorber and escaping from the collimation area have large displacements from the orbit at high dispersion azimuths, Table 2 , where β x is the value of the horizontal beta-function, σ x is the RMS value of the horizontal beam size and μ x is the horizontal phase advance between the elements. At the beginning of each measurement the LHC collimator prototype was centered relative to the closed orbit. The collimator half gap X 1/2 determined the reference beam envelope. Then the align- ment positions for all UA9 movable elements were determined by fixing their positions at the edge of the LHC collimator shadow. After the alignment almost all elements were moved back to their garage positions while one of the crystals and the TAL were put in the collimation positions. The crystal under test was moved closer to the beam and the TAL moved further away from the orbit improving conditions for the multi-turn extraction of halo particles.
Experimental results
We first consider the results obtained with an SPS stored beam of protons using a new crystal (C3). Beam losses in the crystal are detected using the BLM downstream of the crystal station as a function of the crystal orientation. The observed dependence of the BLM signal is normalized to its value for amorphous orientation of the crystal.
In Fig. 2 curve 1 shows the observed dependence of beam losses on the angular position of C3 when its distance from the orbit was X C3 = 7.6 mm (6.9σ x ) and the distance of the TAL was X TAL = 10.1 mm (8.3σ x ). The BLM signal is reduced by a factor R in ≈ 6 when the direction of the crystal planes at the entrance face is close to the beam envelope direction (left minimum in Fig. 2 ). For these crystal orientations, halo protons deflected due to channeling in the crystal hit the TAL in the same turn and inelastic nuclear interactions can occur in the crystal only for the small non-channeled fraction of the halo. Curve 2 in Fig. 2 shows the dependence of inelastic nuclear losses of protons on crystal orientation obtained by simulation based on the model described in [13] taking into account synchrotron oscillations of particles. The loss reduction for the channeling position obtained in the simulation is about 30. The beam loss reduction observed in the present experiments is a little larger than in earlier results reported in [6] but considerably smaller than the predicted value. This discrepancy cannot be caused by the crystal torsion because its value for new crystals is significantly smaller than the critical angle (θ c ≈ 20 μrad). Table 3 shows the values of the channeling efficiency and inelastic interaction probability for a few orientation angles near perfect crystal alignment obtained by simulation. The parameter changes relative to the value for perfect alignment are also shown. The channeling efficiency reduces a little whereas the beam loss increase is more than 40 times larger. These data clearly demon- crystallographic planes and trajectories of a halo particle at the first (1) and second (2) hits with the crystal. In both cases the particle enters the crystal through its side face. The particle obtains a small amplitude increase x m due to Coulomb scattering in the first passage and in the second encounter its direction is tangential to the shortened planes. Therefore, it can be captured and deflected by these shortened channels.
Table 3
Channeling efficiency and beam loss probability. strate that the measurement of beam halo losses in the crystal is a very sensitive method for the crystal collimation studies. The angular region with reduced counts on the right of the channeling minimum in Fig. 2 is an expected consequence of volume reflection (VR) of protons from bent planes in the crystal. The angular range of VR is about equal to the crystal bend angle, i.e. 165 μrad. Particles deflected due to VR perform a smaller number of passages through the crystal to reach the TAL aperture than for amorphous orientations of the crystal. However, beam losses observed in VR mode are considerably smaller than the simulation results.
The discrepancies in the beam losses observed for channeling and VR areas of the crystal orientation may be caused by the existence of the miscut angle between the crystal surface and the crystallographic planes appearing as a result of the crystal sample production from a silicon ingot. The effect of the crystal miscut was previously considered in the first extraction experiment of the SPS proton beam [14] . The miscut angle values for crystal 3 and 4 are given in Table 1 .
Possible situations for VR and channeling crystal orientations discussed below may explain how a crystal miscut could affect the beam loss rate. Quantitative considerations to support such an explanation should be based on a simulation model of the crystal miscut not yet available. Fig. 3 shows schematically a crystal with a miscut angle θ m for its VR orientation and possible trajectories of a halo particle in two subsequent passages. The first encounter with the crystal occurs at the point A of its lateral face because of a small impact parameter of the particle. It gives rise to a small amplitude increase x m due to Coulomb scattering in its first passage through the crystal as in amorphous matter. At the next hit the particle may enter the crystal again through its lateral face at the point B in a direction already tangential to the shortened planes. As a result the particle is captured and deflected by the shorter channels. Such a mechanism should reduce the number of turns to extract the halo particles and consequently the beam losses for VR crystal orientations.
The situation for channeling orientations is similar. It can be realized by a small clockwise rotation of the crystal shown in Fig. 3 . In this case a halo particle with a small impact parameter should also have the first encounter with the lateral face of the crystal where its momentum direction is far from the crystal plane direction. Passing through a large part of the crystal length the particle is deflected by multiple Coulomb scattering and on the following turns it hits the front face of the crystal where it may be captured into channeling and deflected by the full bend angle. The first passage through the crystal as in amorphous substance increases the probability of inelastic nuclear interactions for this halo fraction. Thus, the effect of the crystal miscut may at least partly explain both an increase of beam losses for channeling orientations and the opposite effect for VR.
The off-momentum fraction of beam halo particles escaping from the collimation area was estimated by using the scraper of the TAL2 station. Scans are usually made from the garage position to the location of the crystal edge projection calculated using the beta-function values. Fig. 4 shows the dependence of the BLM count on the horizontal position of the scraper during two of such scans performed for the crystal in the amorphous and channeling orientations. The measurements were made in the same SPS fill during contiguous time periods. The two arrows indicate the projected inner-edge positions of the TAL-absorber and crystal C3 at the TAL2-scraper azimuth, respectively. We conventionally define the off-momentum collimation leakage as the integral of the number of particles behind the TAL shadow, which can be lost somewhere in the SPS ring outside of the absorber. For the results reported here, the absorber shadow population for the well-aligned crystal was reduced by a factor of about 2 in comparison with the amorphous orientation. The observed reduction was larger, achieving about a factor 5, in similar measurements for some other experimental runs.
The experiments on the crystal collimation of the SPS stored beam of Pb ions were performed in a similar way. Scattering by inner electric field of a crystal for protons and Pb ions with the same momentum per charge (p/Z ) is the same because it depends on this ratio. Therefore, the crystal channeling characteristics are the same for protons and Pb ions. The main differences compared to protons were caused by the strong increase of ionization losses and nuclear interaction cross sections for Pb ions in the crystal. In a 2 mm long silicon crystal in amorphous orientation the mean energy loss for protons is E p = 1.05 MeV and for Pb ions E Pb = 6.59 GeV. These values correspond to relative momentum deviations δ p = −8.7 × 10 −6 and δ Pb = −0.66 × 10 −3 . During the data taking the SPS bucket half-height was δ h = 1.54 × 10 −3 . Therefore, on average three passages of Pb ions through the nonaligned crystal were sufficient for their debunching. Moreover, the particle energy losses considerably increase their betatron oscillation amplitudes because of the orbit shift. The total cross section of Pb ion beam attenuation in silicon, which includes inelastic nuclear interactions and electromagnetic dissociation, was calculated according to the methods reported in [15] [16] [17] , which describe well the existing experimental data. Its value σ tot = σ h + σ ed = 4.323 + 1.091 = 5.414 b is 10 times larger than for protons. The attenuation length equals 3.76 cm, therefore more than 5% of Pb ions will be lost in the passage through the non-aligned crystal. 3σ x ) . The beam halo losses were reduced by only 16% for VR orientations and by about 60% in channeling conditions that is a loss reduction factor R in ≈ 2.5. The decrease of R in for Pb ions in comparison with protons is caused by a considerably larger increase of betatron oscillation amplitudes for the particles which passed through the nonaligned crystal due to their larger energy losses. As a result, Pb ions more quickly reach the TAL. In the case of crystal 4 the distances from the orbit were X CR3 = 3 mm (about 3σ x ) and X TAL = 7.9 mm (6.7σ x ). The beam loss reduction in channeling conditions was considerably larger than for crystal 3, R in ≈ 3.5.
A larger reduction of beam losses was also observed for VR orientations. In addition, a second minimum in the VR orientation region is clearly seen here. This minimum is observed for crystal orientations where the whole angular arc of the bent crystal planes is already on the same side relative to the beam envelope direction. Therefore, VR angular kicks always increase the particle oscillation amplitudes. The observed beam losses in channeling conditions are larger for crystal 3 than for crystal 4 because its deflecting planes are the (111) ones, which are non-equidistant. The channel width ratio is 3. The width of narrow channels is about 2.5 times smaller than for the (110) channels. Particles quickly dechannel from these narrow channels increasing the probability of inelastic interactions with the crystal nuclei. So, according to simulations, the probability of nuclear interactions in a single passage for parallel beam is 20% larger for crystal 3 than for crystal 4 with its (110) equidistant planes. The loss reduction factors for perfect crystal alignment obtained in our simulations are R in = 8.3 and 14.2 for crystal 3 and 4, respectively. For Pb ions there is the same character of discrepancies as for protons between the experimental and simulation values of beam losses in channeling and VR areas of the crystal orientations, which may also be explained by the crystal miscut effect.
The Pb ion beam halo fraction deflected due to channeling by the crystal 3 was measured by intersecting the deflected beam with the LHC prototype collimator as was done in the case of the proton beam collimation [6] . Its value was found to be 74%. The off-momentum Pb ion fraction generated in the collimation process was also measured by scanning the beam periphery in the TAL2 station with Cherenkov detector. The reduction factor up to 5 for the population of particles in the collimator-absorber shadow was observed.
Conclusions
Recent results of UA9 experiments on crystal collimation at the CERN SPS show that in the case of Pb ions the beam halo can also be efficiently deflected onto the secondary collimatorabsorber with a bent crystal. The extraction efficiency of Pb ions from the circulating beam halo measured for one of the crystals was 74%. The crystal alignment was easily found through the reduction of beam losses in the crystal, which were about 6 for protons and about 3 for Pb ions. The smaller loss reduction for Pb ions, compared to protons, is caused by their larger ionization losses. As a result, their oscillation amplitudes increase considerably in the passages through the nonaligned crystal and they more quickly reach the absorber.
The simulation results qualitatively describe well the angular dependence of beam losses in the crystal. The quantitative discrepancies remaining in spite of the low torsion of new crystals used for the present experiments may be caused by the influence of the crystal miscut. It should be made much smaller than the crystal bend angle to reduce its effect.
A scan of horizontal positions performed in the high dispersion area behind the absorber showed that the beam tail in the shadow of the absorber populated by off-momentum particles produced in the collimation process was reduced by a factor of 2-5 for perfect crystal alignment in comparison with its amorphous orientation.
It should be noted that damage to the crystal irradiated by high energy heavy ions should be considerably larger than by protons. Therefore, it is important to perform a study of the crystal radiation resistance with high energy heavy ion beams as was done with protons in [18] to estimate the possibility of using a crystal primary collimator also for the LHC ion beams.
